Aquatic animals have been used almost exclusively for investigating quantitatively the toxicity of solutions for metazoans. Terrestrial animals should be more suitable in some respects than aquatic forms since, although larger numbers of the latter can be studied, the manner and locus of introduction of toxic solutions into the former can be varied and controlled; and dying terrestrial animals can be subjected to a wider range of tests and observations to determine the end-points of vital processes and responses to stimuli. Among terrestrial animals certain insects are particularly suitable for quantitative toxicological experiments, since it is possible to obtain large numbers of relatively uniform individuals into which solutions can be precisely introduced by mouth or by injection.
II.
Among the many mandibulate insects~pecies of orthoptera, coleoptera, and larval lepidoptera--which were found to imbibe drops of neutral arsenical solutions placed upon the mouth-parts, the silkworm is, perhaps, most suitable for quantitative experiments. It can be reared quickly at any time during the summer in large, highly homogeneous populations. It submits passively to handling, and drinks readily drops of arsenical solutions, which it never regurgitates. Moreover, it is large enough for the application of quantitative subintegumental injections.
A satisfactory test insect having been found, a practicable per os method of poison administration depended chiefly on finding an accurate, rapid method of controlling and measuring comparatively minute liquid doses. A micro burette of high sensitivity I was designed for this purpose. It merits description, because it should also be useful for micro titrations.
A conventional stop-cock type of micro burette (sensitivity 1 mm?) with side tube for refilling (Billeter and Marfurt, 1923) furnished the point of departure for the writer's model. Rehberg (1925) reached a sensitivity of 0.1 mm. 3 with a mercury pressure type, since he considered it "obviously impossible" to attain that figure with the ordinary stop-cock form. Nevertheless, the writer increased the sensitivity of the stop-cock type to 0.03 ram? by simply reducing the bore of the capillary measuring tube and of the burette tip to suitable dimensions (Fig. 1) .
A capillary tube (length, 1 m.; bore, 0.20 mm.) and side tube (length, 1 m.; bore, 5 ram.) were wired upon a meter stick (1 mm. of the scale = 0.0320 ram? by mercury calibration). A rubber tube for mouth suction or pressure was attached to the top of the side tube. The stop-cocks opened into 1 mm. capillary tubes, which were fused to the measuring capillary and side tube respectively. The remaining part (5 mm. tubing) between the tip (bore, 0.08 ram.; outside diameter, 0.14 ram.; length, about 2 cm.) and the capillary of the lower stop-cock was bent at an angle of 45 °, and a ground glass joint was interposed in its told-portion.
With the tip removed and both stop-cocks open, the side tube is filled by gentle suction on the rubber tube while the open glass joint is immersed in the solution to be used. The lower stop-cock is closed, and the liquid rises into the measuring capillary without inclusion of air bubbles at any point. The tip section is separately filled by suction, and is easily slipped into place on the burette without including air. 1 A convenient term for the smallest measured volume which may be removed from the tip of a burette. The meter stick provides not only a rigid support for the capillary and side tube, but also a scale background against which the meniscus of the capillary columu can be seen distinctly, especially when the source of illumination is behind the operator. The bore of the tip is of such size that it permits a gravity fall of meniscus of about 1 cm. per sec. in the mid-portion of the column when the lower stop-cock is completely open. But the fall of the meniscus can be reduced to a very slow movement by partial opening of the stop-cock, so that the meniscus can be brought to coincide with any desired scale graduation. The stop-cock is handled as little as possible to avoid the slight effect of temperature changes on the position of the meniscus, and when this precaution is taken, it is feasible to estimate its position to 0.1 mm. The outside diameter of the tip is just as important as its bore. It must be fairly uniform over a distance of about 5 mm. from the orifice of the tip, so that a drop will swell out upon it without creeping up the tip. It must be as small as possible so that drops can be removed from the tip without leaving visible residual liquid on the outside of the tip, which is able to hold a drop of water as large as 4 mm. a The capacity of the burette is 30 mm. a
The burette is emptied by removing the tip, and allowing the liquid in the side tube to flow out. Then the lower stop-cock is closed, and the liquid in the measuring capillary is sucked into the side tube, from which it is allowed to run out as before. The tip section is emptied by thumping the solution out of the joint end, as one shakes down the mercury column of a clinical thermometer.
The weakest point of this instrument lies in the possibility of stop-cock leakage, but if the stop-cocks are well made, and carefully and frequently lubricated, they do not give trouble.
It was necessary to choose between two methods of varying dosage: either one solution could be used, and the dose volume varied; or a number of solutions of different arsenic concentrations could be employed, and a constant volume per gm. of silkworm could be fed. The latter procedure seemed better, since each dose, immediately after imbibition, may then be considered to occupy proportionately the same volume and position in the fore-intestine of every larva, and, therefore, to start on even terms the process of movement along the alimentary tract and of penetration through its epithelium. A constant volume of 5 mm? per gin. was found to be satisfactory. The high sensitivity of the burette made it possible to feed this volume to silkworms weighing as little as 0.010 gin.
A series of neutral sodium arsenate solutions were made up in such a way that the volume to be measured of any solution was numerically equal to the weight of the worm multiplied by a factor, which was set permanently on a slide rule. The poisoning of fifth instar silkworms (average weight about 2 gin.) was carried out as follows:
A caterpillar in the 2rid or 3rd day of the last instar was weighed to the nearest decigram. The dose volume was calculated by one movement of the glass slide of the rule, and the position on the meter stick to which the meniscus had to be lowered was mentally marked. With the head of the larva, ventral aspect up, between the ends of the thumb and forefinger of the left hand, and with the platinum needle in the right, the lower stop-cock was completely opened, and drops were transferred on the platinum needle from the tip of the burette to the mouthparts of the caterpillar. Usually it would imbibe the drops as fast as they could be placed upon the mouth-parts. As the meniscus neared its final position, the stop-cock was partially dosed, and the meniscus was brought to the previously determined mark; after which the final drop of the poison was transferred to the mouth-parts, and the time was recorded. The residuum of the last poison drop on the mouth-parts was washed into the fore-intestine by a minute drop of water, which was always avidly imbibed. The caterpillar was then placed with a fresh mulberry leaf in a numbered, 1 in. test-tube, open at both ends, in an air bath (temperature, 27.0°C. =~ 0.05°). In a similar manner 9 more insects were poisoned. Then the solution in the burette was changed to one of different arsenic concentration, and 10 worms were fed at that concentration; and so on, until an adequate range of dosages had been covered. The sequence of concentrations was chosen in such a way that the operator was free to examine individually all dying caterpillars.
The top of the air bath was provided with an observation window and with covered arm holes. When caterpillars were seen to have collapsed, they were removed from the tubes, and were stretched, ventral aspect up, on a shelf beneath the observation window. Many preliminary observations on the behavior and responses to stimuli of silkworms dying from arsenical poisoning showed that the failure of the proleg combs to retract on tactile stimulation of the proleg hairs was the most definite arbitrary indicator of the life end-point. It was the last observable response, and failed so sharply that its presence might be noted at one minute, and its absence at the next. Consequently, when this response was about to fail in a series of silkworms, spread out upon the shelf of the air bath, the operator remained over the observation window with arms in the arm holes, and stimulated the proleg hairs of one worm after another, as fast as he could. The response usually failed first in the most anterior pair of prolegs, followed in order posteriorly by the others. The life end-point was taken as the time at which the combs of the last sen-sitive proleg failed to retract on application of the stimulus just described. The survival times so determined are believed to be not over 2 per cent in error• The relation between dosage of arsenic, administered by mouth, and speed of toxic action (Fig. 2) is discussed in the fourth section of this paper. FI6. 2. Speed of toxic action (100 + survival time in rain.) is plotted against dosage (mg. As per gin. silkworm).*. Each point represents the mean of from 5 to 10 determinations of survival tlme.'i~ The probable errors of the mean survival times, except those at the lowest dosage of each curve, are not over 5 per cent of the mean by Peter's formula. The curve "by mouth" is also plotted on a 10 times larger ordinate scale to show the sigmoid shape necessary to give the logarithmic plot of Fig. 4 . The minimum lethal dose by injection lies between 0.0050 and 0.0075 rag. As per gm., and by mouth between 0.020 and 0.025 rag. As per gin.
HI.
It was thought that quantitative subintegumental injections of the same solutions administered by mouth might provide significant information for interpretation of the per os results. Crozier (1922) injected strychnine sulfate solutions into caterpillars with an ordinary hypodermic syringe in a semiquantitative way sufficiently accurate for his purpose. However, quantitative injection of relatively minute volumes of liquid into caterpillars without loss of blood requires a measuring tube and needle of smaller bores than those of any hypodermic syringe on the market. A simple, glass mic¢o-injection pipette met both requirements. The same volume per gm. of silkworm (5 mm? per gm.) was injected as was administered by mouth. The injections were considered satisfactory only when there was no visible loss of blood. About 9 out of 10 injections were satisfactory. The successfully poisoned silkworms, from 5 to 10 at each dosage, were placed in the air bath, and were treated thereafter exactly like the worms poisoned by mouth. Puncturing the integument and injection of water did not injure the larvae, since they fed and developed normally after such treatment.
There was no disease nor any other abnormality among the silkworm cultures of these experiments.
IV.
It should be pointed out that the term "speed of toxic action," as used in this paper, does not refer to the time course of destruction by arsenic of, let us say, a respiratory catalyst, but to the relative speed of lethal effect of different dosages, as determined by the reciprocal of the time which elapses from the administration of a dose of arsenic to the disappearance of a definite response in the dying silkworm. The speed of toxic action depends not only on the velocity of chemical reactions leading directly to death, but also on the rate of distribution, excretion, and cell penetration of the arsenic. The shape of the curves relating speed of toxic action and dosage is controlled, therefore, by changes in rate, as dosage varies, among the foregoing processes. It is not to be expected that these changes in rate would occur in such a way that the resultant speed of toxic action would be directly proportional to dosage over the whole range of possible dosages. The curve "by injection" (Fig. 2) , for example, is clearly sigmoid, a type of curve usually found in experiments of this nature. There is probably no direct proportionality between speed of toxic action and dosage in any portion of the curve.
It seems to the writer that the initial acceleration of lethal effect at the lowest dosages may be accounted for by a relatively decreasing rate of arsenic excretion. The final negative acceleration of lethal effect at the highest dosages may be ascribed to the predominance of a relatively declining rate of cell penetration by arsenic which may largely determine survival time. The negative acceleration of cell penetration by organic acids at high concentrations (Crozier, 1916) may be cited to support the possibility of this situation. The limit which the upper end of the curve approaches asymptotically must be partially determined by the time required for the distribution of arsenic, which process is probably independent of dosage.
Powers (1917) and Shackell (1925) have attempted to explain the sigmoid form of curves relating speed of toxic action and dosage. Since neither took into consideration the manifest influence of changes in rate of distribution, excretion, and cell penetration of poison on the resulting speed of toxic action, little need be said here of their theories. Since there are two classes of sigmoid toxicity curves which Shackell did not differentiate, it may be worth while to define them. One class of curves illustrates the percentage of a group of organisms killed as time passes after the administration of the same dose to each individual; the other class, including curves like those of Fig. 2 , shows the relation between a series of doses and speed of toxic action. The former class describes variation in individual susceptibility to poison, and may be plotted as frequency distribution curves (Fig. 3) , if percentage of organisms be changed to number dying during each chosen interval of time (Brooks, 1918-19) ; the latter class cannot be so plotted, and, therefore, has notMng to do with variation in individual susceptibility, the influence of which is, or should be, eliminated by poisoning a sufficient number of individuals at each dosage.
The data for administration of arsenic by mouth and by injection are plotted to the same scale in Fig. 2 to show the much greater speed of toxic action following injection. This is to be expected, since a total dose by injection is almost immediately available for carrying out the processes involved in the failure of the proleg response, while only a part of a dose by mouth becomes gradually available on account of the time required for distribution of arsenic along the alimentary tract and for penetration of its walls. Just what portion of
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200 zzo z4a e6o 2~o soo 3zo s~o J6o Minutes   FIG. 3 . The frequency distribution of survival times of 143 fourth instar silkworms, fed 0.10 nag. As per gin. The animals were selected to confine weight variation between 0.385 and 0.460 gin. Since there was no correlation between variation in weight and in survival time, the latter may be ascribed to variation in a number of unknown factors, the resultant effect of which is called susceptibility. The chief unknown variable probably was the amount and condition of gut contents when the dose was taken. a dose by mouth penetrates the gut epithelium cannot be determined from the difference in location of the two curves, because the rates of distribution, penetration, and excretion of arsenic are not known.
The curve "by injection" is fairly well fitted by parts of two parabol~e, and, therefore, when log speed of toxic action is plotted against Fig. 2 . At lower dosages the speed of toxic action is proportional to an integral power of the dosage (slope > 1), at higher dosages to a fractional power of the dosage (slope < 1). The ]ower line for administration of arsenic by mouth is conjectural. log dosage, the points lie along two straight lines, the lower of slope greater than 1, and the upper of slope less than 1 (Fig. 4) . The curve "by mouth" might possibly be fitted in the same way, if observations had been made at the proper dosages. The data of Gueylard and Dural (1922) on the toxicity of four acids to sticklebacks and certain other series of measurements, may be represented simi-larly by pairs of straight lines. Further experiments are necessary to find out whether it is generally true that speed of toxic action may be proportional to an integral power of the dosage at lower concentrations and to a fractional power of the dosage at higher concentrations, and whether there is an abrupt transition from one relation to the other.
SUMMARY.
A micro burette, micro pipette, and methods for their use in quantitative toxicological investigations on mandibulate insects are described.
It is suggested that the form of curves relating speed of toxic action to dosage may be explained by postulating suitable changes in rate of distribution, excretion, and cell penetration of poison as dosage varies.
The speed of toxic action of pentavalent arsenic in the silkworm is proportional to an integral power of the dosage at lower concentrations, and to a fractional power of the dosage at higher concentrations.
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